Deep-sea hydrothermal vents and methane seeps are extreme environments that have a high concentration of hydrogen sulphide. However, abundant unique invertebrates including shrimps of the family Bresiliidae have been found in such environments. The bresiliid shrimps are believed to have radiated in the Miocene (less than 20 Myr); however, the period when and the mechanisms by which they dispersed across the hydrothermal vents and cold seeps in oceans worldwide have not been clarified. In the present study, we collected the deep-sea blind shrimp Alvinocaris longirostris from the hydrothermal vent site in the Okinawa Trough and carried out the first investigation of the 18S rRNA gene of a bresiliid shrimp. The phylogenetic analysis revealed that the bresiliid shrimp is situated at an intermediate lineage within the infraorder Caridea and shows monophyly with palaemonid shrimps, which live in shallow sea and freshwater. Furthermore, the mitochondrial cytochrome oxidase I (COI ) gene sequences were analysed to determine the phylogenetic relationship with known bresiliid shrimps. A. longirostris of the Okinawa Trough had two haplotypes of the COI gene, one of which was identical to the Alvinocaris sp. of the cold seeps in Sagami Bay. These results indicate that a longdistance dispersal of A. longirostris occurred possibly within the last 100 000 years.
INTRODUCTION
The ecology of the deep-sea hydrothermal vent-living communities has interested many researchers since their first discovery at the Galapagos Rift in 1977 (Lonsdale 1977) . The deep-sea living communities such as tubeworms, bivalves and crustaceans have been observed all over the hydrothermal vents and the cold seeps in oceans worldwide (Little & Vrijenhoek 2003) and have successfully adapted to high water pressure, absence of light and high concentrations of hydrogen sulphide. Nevertheless, the period when and the mechanism by which such deepsea living communities were established in the long history of marine biosphere remain unclear (Tyler & Young 2003) .
Deep-sea shrimps of the family Bresiliidae (or Alvinocarididae) are members of one of the major living communities which have colonized the hydrothermal vent and the cold seep sites. It has been proposed that these shrimps have been distributed worldwide since they radiated in the Miocene (less than 20 Myr; Shank et al. 1999) . The deep-sea bresiliid shrimp Alvinocaris longirostris is proposed to be distributed both in the hydrothermal vent fields of the Okinawa Trough and the cold seeps of Sagami Bay (Komai & Segonzac 2005) , even though these two habitats are separated by a considerable distance (approximately 2000 km). However, the period when and the mechanism by which such a dispersion occurred has not been clarified. The present paper shows the first phylogenetic analysis of the 18S rRNA gene (rDNA) of a bresiliid shrimp along with other decapods to assess its origin or evolution. Furthermore, we examined the sequences of the mitochondrial cytochrome oxidase I (COI ) gene and discussed the mode of dispersion of the deep-sea shrimp.
MATERIAL AND METHODS
More detailed descriptions of the methods are provided in the electronic supplementary material. (b) DNA extraction and sequencing Genomic DNA was extracted from the muscle of each shrimp and PCR was performed using 18S-82F/18S-1498R (Ló pez- García et al. 2003) and LCO1490/HCO2198 primer sets (Folmer et al. 1994) for the 18S rDNA (w1.7 kb) and mitochondrial COI gene (w700 bp), respectively. In order to determine the 18S rDNA sequence, the amplified DNA fragments were cloned into Escherichia coli JM 109. Three clones were sequenced to eliminate any possible Taq errors. For the COI gene, the DNA fragments were directly used for sequencing reactions with the same primer used for PCR. Those nucleotide sequences have been deposited in DNA Data Bank of Japan (DDBJ) with accession numbers AB231688 for the 18S rDNA fragment and AB222050 and AB222051 for the COI haplotypes 1 and 2, respectively.
(c) Phylogenetic analyses
The determined DNA sequences of 18S rDNA and COI genes were, respectively, aligned with the 18S rDNA sequences from other crustacean decapods and the COI gene sequences from other bresiliid shrimps using CLUSTAL X 1.8 (Thompson et al. 1997 ) with default parameters. Maximum parsimony (MP) analysis was performed for the 18S rDNA sequences using PAUP 4.0b10 (Swofford 2000) software, while neighbour-joining (NJ) analysis was performed using MEGA 3.0 (Kumar et al. 2004) . For aligned nucleotides of COI gene, phylogenetic analyses were performed under minimum evolution (ME) and MP criteria using the MEGA 3.0 and PAUP4.0b10 software. NJ analysis was performed under Tamura and Nei's model for 18S rDNA, while the ME tree was constructed under the Kimura-2-parameter model with gamma correction for the COI gene sequences. MP analyses were performed by employing the heuristic search option for 18S rDNA and with the close-neighbour-interchange model for the COI gene.
Percentage confidence values were generated by 1000 bootstrap replicates with addition of random seeds. Figure 1a shows the phylogenetic tree of the caridean shrimps. This is the first report inferring the phylogenetic relationship of the deep-sea hydrothermal vent shrimp with other crustacean decapods. The crustacean decapods were divided into two distantly related lineages. Most crustaceans such as crabs and lobsters were affiliated with one major lineage (figure S1 of electronic supplementary material), whereas the other lineage consisted of only shrimps of the infraorder Caridea. A. longirostris showed a monophyletic relationship with the palaemonid shrimps (figure 1a).
RESULTS
For a more specific relationship within the family Bresiliidae, we further sequenced the COI gene of A. longirostris. Four of the five shrimps showed an identical COI gene sequence, while one individual had two nucleotide substitutions without changes of 258 G. Tokuda and others Deep-sea hydrothermal vent shrimps encoding amino acids. Figure 1b shows the phylogenetic relationship of the family Bresiliidae inferred from the 590 bp COI gene nucleotide sequences. The tree topology was observed to be consistent with those previously reported (Shank et al. 1999; Koyama et al. 2005) . A. longirostris found to be closely related to Alvinocaris lusca that is distributed around the Galapagos Rift. In addition, the COI haplotype 1 being detected from the four shrimps of A. longirostris was identical to that of Alvinocaris sp. that inhabits the cold seep (1157 m in deep) of Sagami Bay (Koyama et al. 2005) , which is situated approximately 2000 km north of the Hatoma Knoll (figure 2).
DISCUSSION
In the present paper, we first determined the 18S rDNA sequence of the bresiliid shrimp and showed the phylogenetic relationship with other crustacean decapods. A. longirostris is distantly related to the major lineage of crustacean decapods and is situated an intermediate lineage within the Caridea group. Further, it revealed the monophyletic relationship with palaemonid shrimps, which live in shallow sea or freshwater. Therefore, it is likely that the deep-sea hydrothermal vent shrimps originated from those that had lived in a very shallow area. This result also supports the idea that the hydrothermal vent shrimps are not the remnants of an assemblage occurred in hundreds of million years ago (Shank et al. 1999; Little & Vrijenhoek 2003) . Although our result indicates that the clade of the Caridea is important to clarify the detailed relationship between hydrothermal-vent and shallow-sea shrimps, the limited availability of sequences prevents further analyses. The accumulation of DNA data in the future is anticipated in order to clarify the real origin of the hydrothermal vent shrimps.
The COI gene sequences of A. longirostris at the Hatoma Knoll had two haplotypes, one of which was identical to Alvinocaris sp. of Sagami Bay. In other caridean shrimps, the COI gene sequences mutate at 1.4% per million years (Knowlton & Weigt 1998) . Given the similar mutation rate, the present result suggests that they moved 2000 km within approximately a hundred thousand years (less than 109 ky under the same mutation rate). A recent dispersion between these sites is not conceivable because the shrimps need to pass the shallow sill of the Ryukyu Arc, where the water temperature increases to 15 8C (Nitani 1972) , which would be detrimental for their survival (see Tyler & Dixon 2000) .
Both the Hatoma Knoll and Sagami Bay are along the flow of the strong current 'Kuroshio', which has been flowing from the East China Sea to the North Pacific Ocean (figure 2) for more than 42 000 years (Ijiri et al. 2005) . The influence of the current is a few thousands metres deep at a flow rate of 0.10-0.20 m s
K1
(58-116 days per 1000 km; Fukazawa et al. 1985) . As is the case of M. fortunata (Tyler & Dixon 2000) , the Alvinocaris sp. specimens of Sagami Bay have shown strong tolerance for slightly higher temperature (9 8C) than their habitats (4.5 8C) and for the atmospheric pressure conditions (Koyama et al. 2005 ). In addition, Deep-sea hydrothermal vent shrimps G. Tokuda and others 259 the hatched larvae survived for 74 days without moulting (Koyama et al. 2005) . The prolonged larval period was also observed when the hydrothermal vent barnacles were reared under laboratory conditions (Watanabe et al. 2004) , suggesting that the total free-swimming larval period (i.e. nauplius, zoea and mysis) may become considerably long if they leave their natural habitats. In addition, dispersal of vent shrimp juveniles has been reported in the Mid-Atlantic Ridge (Herring & Dixon 1998) . If the flow speed, the possible larval periods and the thermal and pressure tolerance of the shrimps are taken into account, it is most likely that some of the shrimp larvae were successfully dispersed by the water current during a particularly colder age such as the last glacial period (70-10 ka), when the sea surface temperature was 5 8C lower than it is at present (Ijiri et al. 2005) . Although bresiliid shrimps have not been discovered between the Okinawa Trough and Sagami Bay, it is also possible that the dispersal of the shrimps that had successfully passed the shallow sill was helped by occasional whale carcasses, which are sometimes colonized by the hydrothermal vent fauna (Smith & Baco 2003) .
The present study raises an interesting question as to whether or not the other deep-sea living communities were also dispersed long distances by water currents in the past glacial periods. Future attempts to elucidate changes in deep-sea currents and studies on pressure and thermal tolerance of their larvae will provide us with an important clue to answer this question.
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